A baseband transmission scheme for wireless communications has been proposed and examined using a pair of discone antennas for transmission and reception. The wireless baseband transmission scheme radiates a baseband signal stream, such as non-return-to-zero (NRZ), return-to-zero (RZ), or Manchester encoded signals, directly from an antenna. Namely, a carrier in terms of a sinusoidal radio wave or light wave is not used in the transmission. In experiments, baseband pulses generated with a data generator were radiated directly from the discone antenna, and received waveforms were observed with a digital storage oscilloscope. The experiments showed that wireless baseband transmission is realisable when using antennas with a flat amplitude spectrum and a linear phase characteristic, such as discone antennas, over a given band. Manchester encoding is promising for this wireless baseband transmission. key words: wireless baseband transmission, Manchester encoding, discone antenna, ultra wide band
Introduction
This paper presents a baseband transmission scheme for wireless communications which is fundamentally different from conventional wireless transmission schemes. The scheme, which we call wireless baseband transmission, radiates a baseband signal stream, such as non-return-to-zero (NRZ), return-to-zero (RZ), or Manchester encoded signals, directly from an antenna. Namely, a carrier in terms of a sinusoidal radio wave or light wave is not used in the transmission. We propose a new wireless transmission scheme and investigate experimentally the feasibility of a baseband transmission for wireless communications for the purpose of finding a new wireless transmission scheme.
There are two schemes used in transmission systems. One is carrier transmission, and the other is baseband transmission. Wireless transmissions use carrier transmission systems almost exclusively, although both baseband and carrier transmission systems are used in wired transmissions. Conventional wireless transmission systems, i.e., carrier transmission systems, modulate a carrier with a baseband signal of a message source to raise affinities for a communication channel including antennas. A typical carrier is a sinusoidal electromagnetic wave. There are two main reasons for the modulation. First, baseband signals could not be radiated efficiently from antennas because they have low-frequency components. Second, it is possible to use frequency division multiplexing (FDM) schemes which shift the signal spectrum.
Recently, a large number of people are using a variety of wireless communications equipment. The trend in wireless communications has been toward digital communications from analogue communications with the progress of computer technologies. To increase the data transmission speed, the pulse width of the baseband data signal has become shorter and shorter. Consequently, the required carrier frequency increases in proportion to the baseband data signal bandwidth, which depends on the amount of information sent in the transmission. Since the fractional bandwidth for a typical wireless system is less than 5%, for example, assuming that the transmission of information at a rate of more than 10 Giga-symbol/s, signals having a carrier frequency of approximately THz frequency is needed. This falls within the range of optical space communication.
However, when we consider the information signal bandwidth, we might expect that such a baseband signal propagates by its own ability without a carrier. Therefore, we come by the idea that the original information itself is directly transmitted from an antenna without the need for modulation techniques [1] . This is the concept of the wireless baseband transmission examined herein. This system could also be expressed as a system in which baseband transmissions used in wired transmissions are applied to wireless transmissions. Because baseband data signals are radiated directly, an extremely wide bandwidth is occupied. Hence, it is presumed that the coexistence with other wireless systems becomes an important problem. This problem also appears in application systems of ultra-wideband (UWB * ) technologies [2] - [8] . However, we carried out wireless baseband transmission experiments because we would like to investigate the fundamental capabilities and characteristics of this scheme. Although we do not suppose specific applications for this wireless baseband transmission scheme, considering practical application systems, this system might be a candidate for the effective use of millimetre or sub-millimetre wave regions, which have extremely wide bandwidths for high-speed (such as 100 Gbps) wireless transmissions. Furthermore, interference problems are mitigated in these regions because millimetre electromagnetic waves are attenuated rapidly in the atmosphere by water vapour and oxygen, for example. The present system might also be applicable to communication systems using near electromagnetic-fields, although we treat only far electromagnetic-fields in the present paper.
Finally, we consider wireless systems that do not use a carrier wave. Impulse radio is similar to this wireless baseband transmission system [9] , [10] . Impulse radio radiates a Gaussian mono-cycle pulse of nano-second order duration and uses modulation techniques such as pulse position modulation (PPM) for the transmission of information. Therefore, the impulse radio system requires special pulse generator circuits and modulation circuits. On the other hand, the wireless baseband transmission requires only a simple waveform generator which is capable of making a general transmission waveform used in wired communications. Because this wireless baseband transmission is a waveform transmission, the shape of the waveform itself must be faithfully transmitted.
This paper is organised as follows. In Sect. 2, we review the history of UWB communications and explain wireless baseband transmission in comparison with conventional wireless transmission systems. In Sect. 3, we present the experimental setup, and the results of the experiment are described in Sect. 4. In Sect. 5, we discuss a wireless baseband transmission model based on computer simulations. Finally, we conclude our study in Sect. 6.
Wireless Baseband Transmission
2.1 A Brief History of UWB Communications [8] , [12] We investigated the history of UWB communications in order to distinguish our transmission scheme from other UWB technologies. The origin of UWB technologies began with time-domain electromagnetics in the 1960s [13] . It is difficult to separate UWB technologies from radar technologies, and in the beginning radar was one of the major applications of time-domain electromagnetics. Considering the aspect of communications, there are two pioneers in UWB communications. One is G.F. Ross, and the other is H.F. Harmuth, as explained in the next paragraph. Both Ross and Harmuth have contributed not only to UWB communication technologies but to UWB radar technologies as well. However, we are concerned with only UWB communication in this paper.
Ross analysed transient responses of microwave networks [14] . A 0.2-ns pulse and a microwave step modulated source are used in the experiment. Ross described the transient behaviour of antennas [15] and took out the first UWB communications patent [16] . The patent claims that "an electromagnetic signal communication system utilising short base-band pulse signals of sub-nanosecond duration employs dispersionless, broad band antenna transmission line elements for generating and preserving the character of the short base-band pulses in respective transmitter and receiver sub-systems." This is nothing less than present-day impulse radio.
Harmuth proposed the use Walsh functions instead of sine-cosine functions in the transmission of information and gave a detailed analysis [17] - [20] , [25] . Transmission of Information by Orthogonal Functions [18] , by Harmuth, is the first book on UWB technology. Although both Walsh and sine-cosine functions are orthogonal functions, Walsh functions are two-valued functions and consist of rectangular waves. The selective reception of signals in mobile communications and a correlation receiver are shown in Refs. [19] , [26] , [27] . Antenna radiation characteristics when non-sinusoidal electromagnetic waves are driven and the propagation characteristics thereof were also analysed by Harmuth [18] - [24] . From the above description, Harmuth's results appear to be connected to present-day code division multiple access (CDMA) technology.
Wireless Baseband Transmission Architecture
Although the study of UWB technologies has been going on for 40 years, we could not find an example in which baseband data signals, such as Manchester [11] , RZ, or NRZ encoded signals, are directly sent from antennas. Therefore, we decided to investigate the capabilities of this wireless baseband transmission scheme.
A schematic diagram of wireless baseband transmission is shown in Fig. 1 , in which 'Tx' and 'Rx' indicate a transmitter and a receiver, respectively. A baseband signal of a message source is radiated directly from an antenna without modulating a sinusoidal carrier wave. The construction becomes simpler than conventional wireless systems because it is possible to omit oscillation circuits and mixers, which are used for frequency conversions, as shown in Fig. 2 . We chose Manchester, RZ, and NRZ encoded signals for our experiments because the present paper is the first study on the wireless baseband transmission and we would like to investigate its basic performances. These encoding schemes are very basic in the field of data transmission, which matches our requirements. Although we do not consider RZ or NRZ to be suitable for wireless baseband transmission, we use these two encoding schemes for the purpose of comparison with Manchester encoding. The main advantages of using Manchester encoding, compared to RZ or NRZ encoding, are as follows:
• It is possible to prevent the generation of lower frequency components when successive identical codes, such as '11111,' are transmitted.
• It is easy to perform clock recovery.
On the other hand, Manchester encoding also has a disadvantage:
• The required bandwidth is twice that of NRZ.
Experimental

Setup
A schematic diagram of the experimental setup is shown in Fig. 3 . The main specifications are listed in Table 1 . All experiments were carried out in a radio anechoic chamber.
A data generator (DG) is used as a transmitter and a digital storage oscilloscope (DSO) is used as a receiver. A pair of discone antennas [28] is used at the transmitter and receiver sides because, due to its simple structure, a discone antenna is considered to have a flat amplitude spectrum and a linear phase characteristic over a given band. The antenna is one of the most important devices for wide-band systems [29] - [32] . The antenna shown in Fig. 4 is used in the present experiments. This antenna is a discone antenna consisting of 12 aluminium pipes. Although a discone antenna generally consists of a disc and a cone, as the name suggests, for the present study, we designed and constructed a discone antenna using aluminium pipes. Fairly large sized antennas, (1 m) 3 , were required in order to observe received waveforms directly with the 500 MHz DSO. We designed the discone to operate at over 100 MHz. Acquisition of data is performed by connecting the DSO to a personal computer (PC). A vector network analyser (VNA) is used to obtain frequency-domain data, such as voltage standing wave ratio (VSWR) and transmission characteristics between the transmitting and the receiving antennas, i.e., S 21 , assuming that the index of the transmitting antenna is '1,' and that of the receiving antenna is '2.' Figure 5 shows the VSWR characteristic of the discone antenna. The VSWR is suppressed below 2 at the frequency range from 100 MHz to 500 MHz (fractional bandwidth: 1.3 † ).
Method
On the transmitter side, Manchester, RZ, and NRZ encoded signals are generated from the DG and are supplied to the transmitting antenna directly. We generate a 15-bit code pattern signal {1 0 0 0 1 0 0 1 1 0 1 0 1 1 1} using the DG and adopt positive logic. Because the amplitude of generated signals from DG is +1 V, as shown in Table 1 , logic '1' ('0') corresponds to +1 (0)V, in accordance with the rule. On the receiver side, the amplitude of a received waveform is measured with the DSO. Considering the DSO bandwidth and the designed discone antennas, the clock of a generated waveform (Manchester, RZ, or NRZ) from the DG is chosen as 500 MHz (pulse width: 2 ns). The height from the ground to the feed point of the antenna is 2 m, and the distance between the transmitting and receiving antennas is 5 m, as shown in Fig. 3. 
Results
Channel Characteristics
A measured channel characteristic (S 21 ) in the frequencydomain is shown in Fig. 6 . In Fig. 6(a) , a −6 dB/octave line, which will be described in Sect. 5.1, is depicted. We con- sider that the ripples shown in Fig. 6(a) are the results of reflected waves from a part of the floor in which there is no electromagnetic absorbers. In addition, we find that an almost linear phase characteristic is obtained, as shown in Fig. 6(b) .
Data Transmission Experiments
The DG output and received waveforms of the Manchester, RZ, and NRZ encodings are shown in Fig. 7-Fig. 9 . In Manchester encoding, we set the logic such that voltage transition is High (Low) to Low (High), then logic '1' ('0'). Note that this definition is the same as the original reference of Manchester encoding, although opposite to the definition given in IEEE802.4 [11] . In RZ and NRZ encoding, we adopted positive logic, as described in Sect. 3.2. The data detection results are also shown in Fig. 7(c)-Fig. 9(c) . Here, the letter 'x' indicates the occurrence of an error. In Manchester encoding, the data that could be detected correctly are shown in Fig. 7(c) . In RZ and NRZ encoding, we set the threshold voltage to 0 V. We can find one error in RZ and two errors in NRZ, as shown in Fig. 8(c) and Fig. 9(c) , respectively. Figure 7 indicates a 250M bits per second (bps) wireless baseband transmission using Manchester encoding, because the pulse width is 2 ns. Note that Manchester encoding halves the data rate compared to NRZ on the same pulse width, as mentioned in Sect. 2.2.
Comparing these three encoding schemes, we can state that only Manchester encoding is detected correctly, as shown in Fig. 7(c) . We will calculate the bit error rate (BER) for Manchester, RZ, and NRZ encoding in the next section.
BER Calculations
We calculate the BER for the three (Manchester, RZ, and NRZ) encoding schemes for the purpose of confirming the above hypothesis (Manchester encoding is promising for wireless baseband transmission). We measured the transmission characteristics in the frequency-domain using a VNA, as shown in Fig. 6 and calculated the BER using a PC. The procedure is shown in Fig. 10 . We generated a 240-bit data stream with 4,806 samples per trial. We repeated this procedure 10 5 times. The frequency-domain method using a VNA and a PC (VNA-PC method) was adopted considering the number of data bits needed in BER calculations. We need at least 10 7 bits to calculate BER until 10 −6 . Our DSO has 250 K of memory and must operate at 10 GS/s (as shown in Table 1 ). This means that the maximum recording time is 25 µs, i.e., 6,250-bit per measurement, using Manchester encoding. Measurement must be conducted 1,600 times per encoding scheme because our DSO and DG are not controlled automatically. This is not so efficient. Therefore, we adopted the VNA-PC method shown in Fig. 10 . Figure 11 indicates the time-domain output waveforms calculated from the measured frequency-domain data. The input data is {1 0 0 0 1 0 0 1 1 0 1 0 1 1 1}, which is the same code pattern used in the experiment. Comparing Fig. 7(b) , Fig. 8(b) , and Fig. 9(b) with Fig. 11 , reveals that almost the same waveforms are obtained. Therefore, we can evaluate the BER using the measured frequency-domain data. Figure 12 indicates the BER characteristics obtained using the measured frequency-domain data. When we compare the three encoding schemes shown in Fig. 12 , we found that large error-floors in RZ and NRZ. These phenomena become dominant when successive identical code patterns are generated for a long time (such as {1 1 1 1 1} or {0 0 0 0 0}). In addition, we found that the BER for Manchester encoding is less than 10 −3 for a S/N of over 20 dB. From the above results, we can conclude that Manchester encoding is suitable for wireless baseband transmission.
Summary
Although we carried out the experiment at a lower transmission data rate, namely 250 Mbps, using a large antenna because of the performance limit of the measurement equip- ment in the operational frequency bandwidth, the principle of the wireless baseband transmission was verified. We need to examine the parameters between the antenna bandwidth and the pulse width for the purpose of designing wireless baseband transmission systems. We will discuss this in the next section.
Discussions
We discuss some aspects of wireless baseband transmission using Manchester encoding. In particular, the relationship between pulse widths and antenna bandwidths are considered in terms of the BER using computer simulations.
Wireless Baseband Transmission Model Based on Friis' Transmission Formula
A certain transmission model is required to evaluate the relationship between pulse widths and antenna bandwidths in terms of the BER using computer simulations. An extremely wide bandwidth is needed in the wireless baseband transmission because baseband pulses are radiated directly. Thus, in a practical wireless baseband transmission, an antenna could be treated as a band-pass-filter (BPF). To estimate the necessary bandwidth, a −6 dB/octave model, shown in Fig. 13 , is assumed as the transmission model, including transmitting and receiving antennas, where f l is the lower limit of the pass band and f h is the upper limit of the pass band. The reason for selecting −6 dB/octave is the relationship with Friis' transmission formula [33] , [34] , assuming that the gain of the transmitting antenna and that of the receiving antenna are kept constant in the operational frequency range. This was approximately supported by our measurement, as shown in Fig. 6(a) . The formula is given as
where P r is the received power, P t is the transmitted power, G t is the transmitting antenna gain, G r is the receiving antenna gain, λ is the wavelength, and d is the distance between the transmitting and receiving antennas. When as- suming G t , G r are constant with respect to frequency, a frequency of twice the magnitude reduces the received power to one-quarter of the original value, as indicated by Eq. (1). This is a physical limitation of wide-band omni-directional antennas in which the relationship between antenna gains for transmission and reception are kept constant in the operational frequency range [32] , [35] . The phase characteristic for the −6 dB/octave model is assumed to a linear phase characteristic. In particular, we set 0 phase in computer simulations. Although we omit the distance component d in Eq. (1) under this discussion, the radiated electromagnetic field strength is decreased at the rate of 1/d, or the received power is decreased at the rate of 1/d 2 in actual communications at far electromagnetic-fields indicated in the second term of Eq. (1). Figure 14 indicates an output waveform of Manchester encoding using the −6 dB/octave model at f l = 50 MHz, and f h = 1, 000 MHz. Comparing Fig. 7(b) and Fig. 11(a) with Fig. 14 , we find that a similar waveform is obtained using the −6 dB/octave model. The above results indicate the appropriateness of the −6 dB/octave model.
Parameters f l and f h in Computer Simulations
For the calculations, we set f l and f h as follows. The power spectrum of a Manchester encoded signal is shown in Fig. 15 . Here, we normalise the frequency f with the pulse width T 0 shown in Fig. 15 as f T 0 , which is used hereinafter. Since the effect of transmission quality in f h T 0 > 1 must be negligible, as shown in Fig. 15 , we fixed the upper frequency f h T 0 to 1. Although a lower frequency f l T 0 near the DC (direct current) is desirable, we set f l T 0 = 0.1 as the initial value taking the actual antennas into account.
Required Antenna Bandwidth
We estimate the required antenna bandwidth for the wireless baseband transmission using Manchester encoding. First, we varied f l T 0 from 0.1 to 0.4 while fixing f h T 0 to 1. The result is shown in Fig. 16 . We also plotted f l T 0 = 0.07 in Fig. 16 as the reference, which is the best performance limit because there is no difference between f l T 0 = 0.07 and f l T 0 = 0.1. Although the BER is less than 10 −4 at a S/N of over 12 dB in f l T 0 = 0.1 and 0.2, error-floors appear in f l T 0 = 0.3 and 0.4. We can therefore state that the required f l T 0 is under 0.2 for wireless baseband transmission using Manchester encoding. Next, we varied f h T 0 from 0.7 to 0.4, while fixing f l T 0 to 0.1. The result is shown in Fig. 17 . We also plotted f h T 0 = 1 as the reference. From Fig. 17 , we can state that the required f h T 0 is over 0.6. That is, from the above results, we determined that the required f l T 0 to be under 0.2 and f h T 0 to be over 0.6. Finally, we examined the influence on fractional bandwidth B f with fixed centre frequency f c and T 0 . Here, B f is defined as follows:
We fixed f c to 0.4, taking into account the previous result in which f l is less than 0.2 and f h is greater than 0.6, and fixed T 0 to 1. Pairs of f l and f h were varied as 0.3-0.5 (B f = 0.5), 0.2-0.6 (B f = 1), and 0.1-0.7 (B f = 1.5), respectively. Figure 18 shows the results. Figure 18 indicates that wireless baseband transmission is realisable using Manchester encoding with approximately B f ≥ 1 antennas, because the error-floor does not appear and a BER of 10 −4 is achieved in B f = 1 and B f = 1.5. Considering our discone antenna, the requirement (B f ≥ 1) is satisfied because B f is 1.3 (as mentioned in Sect. 3.1). 
Summary
The following is a summary of our experimental results and discussions.
• Assuming that there is an antenna with centre frequency f c and fractional bandwidth B f ≥ 1, wireless baseband transmission is possible with T 0 ≈ 1/2 f c using the Manchester encoding scheme.
• The transmission rate is approximately f c bps, because Manchester encoding makes 2T 0 a 1-bit transmission.
• The characteristic of our handmade discone antennas is equivalent to 2 f c 500 MHz (as shown in Fig. 5 and Fig. 6 ), which indicates a 250 Mbps wireless baseband transmission as shown in Fig. 7 .
• When we consider scale models that assume ideal antennas, wireless baseband transmissions with some volume antennas -(1 m) 3 → 250 Mbps (our discone antenna) -(10 cm) 3 → 2.5 Gbps -(1 cm) 3 → 25 Gbps are expected using Manchester encoding.
Conclusion
A baseband transmission scheme for wireless communica-tions has been proposed and examined experimentally with respect to feasibility. We found that when using an antenna with a flat amplitude spectrum and a linear phase characteristic over a given band and an appropriate encoding scheme (such as Manchester encoding), the wireless baseband transmission is realisable. In application, at least at present, actual operation would be limited to special environments in which there is no need to take interference problems into account. However, we believe that wireless baseband transmission to be a candidate for a new wireless transmission scheme and intend to further pursue our study, focusing on technological application. In this paper, we have investigated transmission characteristics only in free space, which is the most basic among wireless propagation channels. The performance of the transmission scheme under multi-path environments must be evaluated in order to make this wireless baseband transmission more practical. Therefore, in the future, we intend to investigate the performance characteristics of this transmission scheme in an environment in which reflection objects affect communication qualities. In addition, we will investigate even better encoding schemes for wireless baseband transmission, as we have investigated only Manchester, RZ, and NRZ in this paper.
